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ABSTRACT The study of horizontal gene transfer (HGT) in microbial communities
has been revolutionized by significant advances in cultivation-independent methods
based on fluorescence reporter gene technologies. Recently, the combination of
these novel approaches with flow cytometry has presented itself as one of the most
powerful tools to study the spread of mobile genetic elements (MGEs) in the envi-
ronment. However, the use of fluorescent markers, like green fluorescent protein
(GFP) and mCherry, is limited by environmental constraints, such as oxygen availabil-
ity and pH levels, that affect the correct maturation of their fluorophores. Few stud-
ies have characterized the effects of such environmental conditions in a systematic
way, and the sheer amount of distinct protein variants requires each system to be
examined in an individual fashion. The lack of efficient and reliable markers to moni-
tor HGT in anaerobic environments, coupled to the abundance of ecologically and
clinically relevant oxygen-deprived niches in which bacteria thrive, calls for the ur-
gent development of suitable tools that permit its study. In an attempt to devise a
process that allows the implementation of the mentioned dual-labeling system to
anoxic milieus, the aerobic fluorescence recovery of mCherry and GFPmut3, as well
as the effect of pH on their fluorescence intensities, was studied. The findings pres-
ent a solution to an intrinsic problem that has long hampered the utilization of this
system, highlight its pH limitations, and provide experimental tools that will help
broaden its horizon of application to other fields.

IMPORTANCE Many anaerobic environments, like the gastrointestinal tract, anaer-
obic digesters, and the interiors of dense biofilms, have been shown to be hotspots
for horizontal gene transfer (HGT). Despite the increasing wealth of reports warning
about the alarming spread of antibiotic resistance determinants, to date, HGT stud-
ies mainly rely on cultivation-based methods. Unfortunately, the relevance of these
studies is often questionable, as only a minor fraction of bacteria can be cultivated.
A recently developed approach to monitoring the fate of plasmids in microbial com-
munities is based on a fluorescence dual-labeling system and allows the bypassing
of cultivation. However, the fluorescent proteins on which it is founded are con-
strained by pH levels and by their strict dependence on oxygen for the matura-
tion of their fluorophores. This study focused on the development and validation
of an appropriate aerobic fluorescence recovery (AFR) method for this platform,
as this embodies the missing technical link impeding its implementation in an-
oxic environments.
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The knowledge that horizontal gene transfer (HGT) plays a pivotal role in the
evolution and adaptation of microbes to environmental changes is far from new (1,

2). This area of research has long attracted much attention and is increasingly becom-
ing of public and clinical concern, mainly due to the accumulating wealth of evidence
showcasing how treatments for bacterial infections are gradually losing efficacy and,
consequently, ever more often failing (3–5). This alarming setting is mainly attributed
to the dissemination of antibiotic resistance genes in bacterial communities, and
shedding light on the underlying mechanisms that govern the spread, dynamics and
transfer extent of mobile genetic elements (MGEs) has thus become a crucial task (6).

Several different processes by which MGEs can spread among bacteria have been
identified, namely, transformation, transduction, and conjugation. However, it is im-
portant to highlight that most studies focus primarily on conjugation, as it is generally
regarded as the mechanism bearing the greatest impact on the architecture and
dynamic shaping of the communal gene pool (7, 8). Although several approaches have
been developed for its study, the successfulness of these experimental setups is often
questionable, since achieving environmentally relevant conditions yet remains as the
greatest challenge. Recently, there has been a shift from the use of the more traditional
cultivation-based methods toward the development of novel approaches, aiming to
minimize this inherent source of bias (9, 10).

In this context, a technique to study plasmid transfers in microbial communities was
recently developed that has been validated though independent transconjugant enu-
meration methods such as microscopy and CFU counting (11). This platform not only
allows the possibility to bypass in vitro cultivation, but also enables in situ visualization
of cells. The key to the success of this system is that it is based on a dual-labeling
technique in which the donor is chromosomally tagged with a red fluorescence
reporter gene (mCherry), a chromosomally encoded lacIq repressor gene, and where
the plasmid of interest is labeled with a gfpmut3 gene downstream of a LacI-repressible
promoter (12, 13). In this way, plasmid transfers can be elegantly tracked. Donors
are constitutively red, for even though they harbor the GFP encoding plasmid, its
expression is repressed by LacIq, and transconjugants become green, since the chro-
mosomally encoded repressor is absent (and/or presumably expressed to a lesser
extent) in recipients. The principal advantage of this technique is that flow cytometry
can be used not only to count cells and assess plasmid transfer frequencies, but also to
sort out transconjugants for subsequent 16S rRNA gene analysis, ultimately allowing
the study of the extent of HGT in the recipient community. This technique has yielded
unprecedented results regarding HGT in complex soil and wastewater microbial com-
munities (12–15) and has the potential to provide highly valuable insights about the
spread of MGEs in other environments.

However, many of the key biological systems in which HGT should be assessed are,
to some extent, devoid of molecular oxygen, e.g., thick biofilms, the mammalian
gastrointestinal tract, deep sediments, anaerobic digesters, etc. Also, some of these
systems, like the large intestine of humans, can be subject to pH shifts toward slightly
acidic values (5.2 to 7) (16, 17). The facts that the fluorescence of these proteins can be
severely affected by their environmental pH, and that the complete maturation of their
fluorophores strictly requires oxygen (18, 19), constitute a major drawback in terms of
their applicability. Notably, the oxic constraint has motivated many to search for and
develop alternative fluorescent genetic markers for imaging under low-oxygen condi-
tions. It is worth mentioning the emergence of flavin-based fluorescent proteins (FbFPs)
as a promising new family of small-sized oxygen-independent reporters (20–22). Un-
fortunately, the fluorescence intensity of these proteins is relatively low compared to
that displayed by GFP or DsRed variants (23, 24). Nonetheless, it has been shown how
proteins derived from GFP and DsRed can remain in an immature intermediate state
until posttranslationally catalyzed to maturation upon exposure to air (25–28). For this
reason, the purpose of this study has been the development of a method that
successfully couples the aerobic fluorescence recovery (AFR) of both anaerobically
expressed fluorescent proteins simultaneously and to characterize the pH limitations
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associated with the implementation of this system in crucial anaerobic environments,
such as the mammalian gut. The implications of the findings presented in this work are
paramount for widening the applicability scope of this novel dual-labeling system and
provide experimental tools that will usher a deeper understanding of not only HGT, but
also of any field in which these fluorescence imaging techniques are applicable.

RESULTS AND DISCUSSION
Characterization of the AFR of mCherry and GFPmut3 expressed in E. coli. As

the purpose of this work is to characterize the AFR constraints and other associated
limitations of the proteins integrated in a given platform, the relevant maturation is
that taking place in the milieu comprised by intact bacterial cells harboring said system,
and not by their protein extracts. This is highly important, since the fluorescence
properties of these proteins are greatly affected by their immediate surroundings, and
these may be significantly different intra- and extracellularly. A study coupling the AFR
of mCherry and GFPmut3 was carried out, using E. coli as the expression host under
anaerobic conditions. Upon exposure to air, the AFR of both proteins was measured
simultaneously at different time points via flow cytometry, for a total of 50,000 cells per
sample (Fig. 1; see also Fig. S2 in the supplemental material). Motivated by the
observation that GFPmut3 is highly pH sensitive (29, 30), and taking into account the
current growing concern for studying plasmid transfer in the gastrointestinal tract and
other environments that may present slightly acidic pH values, the AFR of the system
was first assessed at a low extracellular pH. This was achieved by growing the cells
overnight in medium lacking the appropriate buffering (pH 5) (Fig. 1A).

Essentially no recovery was reported for GFPmut3 in the acidified medium (Fig. 1A),
an observation that is in accordance with the works of Doherty et al. (29) and Hansen
et al. (31), who reported an inhibition of the fluorescence of GFPmut3 when expressed
around pH 5. In contrast, mCherry exhibited a complete recovery, an observation that
is in agreement with studies reporting a higher resilience of DsRed variants to acidic pH
values (29, 32). In order to determine whether the absence of fluorescence recovery of
GFPmut3 was indeed a result of its pH lability, the AFR of samples grown in buffered
medium (pH 7.4) was monitored (Fig. 1B). Here, GFPmut3 was found to display a
complete AFR in less than an hour, a maturation time frame that is consistent with that
found by several other studies (29, 33, 34). On the other hand, although some works
have described mCherry’s maturation as requiring just 30 min (35), we report matura-
tion time to be considerably longer, between 1 to 2 h. Nonetheless, this observation is
congruent with other previous works (26, 33).

FIG 1 Time course fluorescence recovery of mCherry and GFPmut3 expressed at pH 5 (A) and pH 7 (B). Fluorescent cell counts
are illustrated as measured by flow cytometry from triplicates of aerobically (dotted lines) and anaerobically (continuous lines)
grown E. coli cells expressing mCherry (red) and GFPmut3 (green) upon subsequent exposure to air. Aerobic incubation was
done in phosphate-buffered saline (PBS) supplemented with chloramphenicol (100 �g/ml). Fluorescence is plotted against
time as the average % counts captured by the set detection gates (see Fig. S1 in the supplemental material) per 50,000
bacterial counts. The error bars represent standard deviations from the mean. Visualization of the raw flow cytometric data
showing the time-wise shift in the population of cells into the set detection gates can be found in Fig. S2 in the supplemental
material.
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In vivo pH-dependent emission profiles for mCherry and GFPmut3. In order to
further characterize the effect of the external pH on the fluorescence emission of this
system, aerobically grown E. coli cells simultaneously expressing both proteins were
subjected to an array of buffers ranging from pH 2.4 to 8. Noteworthy prior studies have
characterized the effect of pH on purified extracts of mCherry and GFPmut3 (29).
However, as this system is embodied by cells carrying the dual-labeling system,
knowledge regarding the impact of the extracellular pH on the fluorescence of these
cells is highly desired, and this was thus evaluated via flow cytometry. As shown in Fig.
2A, the fluorescence of GFPmut3 was quenched beyond the flow cytometric gate
detection limit at around pH 5, an observation that is consistent with the lack of
fluorescence observed in the acidified medium (Fig. 1A). It should be noted that both
proteins displayed a higher fluorescence at alkaline pH, suggesting that AFR might be
enhanced at higher pH. In line with previous reports (36) and with the data presented
in Fig. 2B, mCherry displays a remarkable stability at low pH values, only dropping
below the set flow cytometer gate detection threshold at a pH below 3.5.

The reversion of the observed acid-induced suppression of fluorescence was at-
tempted by incubating the cells in phosphate-buffered saline (PBS) (pH 7.2) overnight,
in the presence of chloramphenicol (100 �g/ml) to avoid de novo protein synthesis. As
depicted in Fig. 2B, the fluorescence of mCherry was recovered at all of the pH values
tested. In contrast, it was only possible to regain the fluorescence of GFPmut3 over
a narrow pH range, pH 4.2 to 6.7 (Fig. 2A), where full recovery was only achieved in
incubations performed at pH values greater than 5. The reversibility window observed
suggests this protein might suffer degradation, and thus irreversible quenching of its
fluorescent properties, at low pH values (37). These results seem to contradict the
absence of fluorescence recovery observed for GFPmut3 during the AFR experiments
performed with the unbuffered cultures (grown at pH 5). This suggests that the
reversibility window may only be possible once the proteins are expressed and
matured and not during their synthesis, as here it may lead to irreversible improper
folding of the polypeptide backbone. However, this finding does not present a drastic
impediment to the application potential of this system, as it is rare that one should
encounter a biological milieu displaying such a low pH.

To complement these findings, the fluorescence recovery of mCherry and GFPmut3
was additionally recorded over time (see Fig. S3 in the supplemental material). In
relation to the ability to recover fluorescence of both proteins, the findings are parallel

FIG 2 Effect of the external pH on the fluorescence emission intensity of intracellular GFPmut3 (A) and mCherry (B). Aerobically
grown E. coli cells expressing GFPmut3 and mCherry were subjected overnight, in triplicate, to an array of buffers, ranging from
pH 2.4 to 8 (with 100 �g/ml chloramphenicol). The resultant fluorescence emission profiles are shown for GFPmut3, dark green
shaded profile (A), and for mCherry, dark red shaded profile (B). Recovery of the acid-induced quenching of fluorescence was
studied by incubating the cells in PBS (pH 7.2 to 7.4) overnight, indicated by the light green shaded profile (GFPmut3) (A) and
light red shaded profile (mCherry) (B). The set gate thresholds used for the flow cytometric detection of GFPmut3 and
mCherry-expressing cells in this system are plotted as a reference, indicated by a continuous green band (A) and a continuous
red band (B), respectively. Fluorescence is plotted as the mean fluorescence intensity detected for 50,000 bacterial events (of
triplicates), expressed as relative (%) to the intensities the cells exhibited in PBS, before they were subjected to any buffer. The
error bars represent the standard deviations from the mean.
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to those depicted in Fig. 2. However, it can be observed that recovery of fluorescence
is extremely quick, demonstrating the suitability of these proteins as sensitive pH
indicators (38–40). Practically all of the recovery occurs within the first few minutes,
although recovery is slower or absent for GFPmut3 at a pH of �5. It is believed that
fluorescence is directly affected by the protonation state of the chromophore, and
consequently, that this is responsible for the observed pH sensitivity (37, 41, 42). When
exposed to a pH of �5 however, it is likely that GFP undergoes a conformational
change that renders it irreversibly inadequate for recovery.

Solid surface filter mating coupled to AFR. An experiment was performed to
demonstrate the suitability of this dual-labeling system for HGT studies in anaerobic
environments, such as the gastrointestinal tracts of humans and animals. Since the
application of this technology to such complex environments would entail a whole new
study in itself, the combination of solid surface filter matings with the controlled
anaerobic conditions provided by an anoxic chamber was used as a proxy to validate
this system’s general anaerobic applicability. E. coli was chosen for this study not only
by virtue of being a facultative anaerobe, but also because it has been shown to be a
common host for a wide range of plasmids containing antibiotic resistance genes (43),
and because it is an indigenous bacterium of the gut and other HGT hotspots. In this
regard, E. coli constitutes a relevant candidate donor in future experiments investigat-
ing HGT in natural environments.

Taking into account the pH and maturation constraints of these proteins, an AFR
method was devised to enable the detection of donor and transconjugant cells through
flow cytometry. Since a slightly alkaline pH had been shown to enhance the fluores-
cence intensity of these proteins, AFR was carried out in a phosphate buffer at pH 8. As
expected, 1 h of incubation was sufficient to recover the fluorescence of GFPmut3,
enabling the detection of transconjugants (Fig. 3A). Congruent with the data displayed
in Fig. 1B, no significant increase in transconjugant counts was observed at longer
incubation times. Interestingly, a minor fraction of the transconjugant population was
already detectable at time zero upon exposure to air. We believe that the preparation
of the filter mating cell suspensions for flow cytometric detection introduced a short
delay in the measurements, and owing to the remarkably fast maturation times
reported for GFPmut3 (33), this resulted in the detection of some transconjugants. Oxic
contamination should be discarded, as mCherry did not exhibit detectable fluorescence
at this time. In accordance with our previous findings (Fig. 1A), mCherry-expressing cells

FIG 3 Effect of AFR incubation time over the flow cytometric enumeration of transconjugant (A) and donor (B) cell counts
originating from anaerobic filter matings. Transconjugant and donor counts were detected via flow cytometry for a total of
50,000 bacterial events. Detection was performed hourly for 3 h and a final measurement was taken after overnight (ON)
incubation. Filter matings were carried out overnight inside an anaerobic chamber, using a 1:1 donor/recipient ratio. E. coli
MG1655 lacIq::mCherry was used as the donor harboring the pKJK5-gfpmut3 plasmid, and E. coli MG1655 as the recipient
strain. Matings were performed in triplicate, and error bars indicate the standard errors of the mean. AFR was performed
in phosphate buffer (pH 8) in the presence of chloramphenicol (100 �g/ml). Means with different letters are significantly
different (analysis of variance [ANOVA]-Tukey’s multiple-comparison test; P values of �0.0005 [***] and �0.00005 [****]).
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(donors) present the limiting factor regarding the length of the AFR incubation required
for this dual-labeling system, as their possible detection lags behind that of GFPmut3-
expressing cells (transconjugants). During the first hour of AFR incubation, very low
numbers of donor cells were detected (Fig. 3B). However, consistent with the matura-
tion time we have reported for mCherry (Fig. 1A), within 2 h, practically all donor cells
were readily detected, and no increase in the detection of donor cells was observed at
longer maturation times.

Altogether, the findings presented in this work serve as proof of concept that the
mentioned dual reporter system, when coupled to AFR, is suitable for the in situ
detection and quantification of plasmid transfer in anoxic environments. However, the
susceptibility of GFPmut3 to acidic pH values was identified as the principal caveat
hindering its practical application. It is therefore important to highlight the importance
of controlling the pH in the studied environment, especially when in the presence of
lactic acid bacteria and other microorganisms that grow fermentatively. Likewise, one
should also bear in mind that there might be other limitations which could be species
or strain dependent. Our findings set the foundation for future studies investigating the
appositeness of our approach to track plasmid conjugative transfers in oxygen-
deprived environments and further asses its usage in a broader range of taxa. Further-
more, we believe that AFR is a powerful tool that has been unexploited so far, and its
potential is certainly not restricted to the realm of HGT studies; the experimental tools
presented here should prompt the use of these proteins in virtually any anaerobic
system in which fluorescent imaging techniques are applicable.

MATERIALS AND METHODS
Strain, plasmids, and media. The strain used in this work was E. coli K-12 MG1655, which was

chromosomally tagged with a lacIq repressor gene and a constitutively expressed mCherry gene under
the control of the E. coli murein-lipoprotein promoter, pLpp (44). Additionally, this strain harbored a
54-kbp broad-host-range IncP-type plasmid (pKJK5) (45) tagged with a gfpmut3 gene (34) downstream
of a synthetic LacI-repressible PA1/04/03 promoter (46) and a kanamycin resistance gene (47). The
simultaneous expression of both mCherry and the LacI-repressed GFPmut3 was achieved in the presence
of 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) (11). The strain was routinely grown at 37°C for 24
h in lysogeny broth (LB) broth medium (10 g/liter NaCl). Additionally, cultures were supplemented with
50 �g/ml kanamycin to avoid plasmid loss.

Aerobic fluorescence recovery. Anaerobic medium was prepared as described by Uchino and
Ken-Ichiro (48) in anaerobic glass vessels that were closed with rubber stoppers. Media vessels were
purged by flushing with nitrogen gas for 5 to 10 min, ensuring that the air in the headspace was
completely replaced. Vessels were sealed with aluminum caps and subsequently autoclaved, a process
by which the medium undergoes further oxygen purging. The reducing reagent cysteine hydrochloride,
in its monohydrate form, is often the preferred reducing agent because of its low toxicity (49). It was
introduced via syringe injection, after nitrogen purging and autoclaving, at a final concentration of 0.5
g/liter, to ensure the depletion of any traces of oxygen in the anaerobic medium (49–52). Buffered
medium was prepared by adding sodium phosphate buffer at a final concentration of 0.1 M (pH 7.4). The
E. coli strain expressing both mCherry and GFPmut3 was grown in triplicate, aerobically and anaerobi-
cally, both in buffered and unbuffered media. Cultures were started by inoculating 10 �l of an overnight
seeding culture of the E. coli strain into 15 ml of LB medium supplemented with 50 �g/ml kanamycin,
corresponding to an initial concentration of about 7 � 105 cells/ml.

The AFR of the proteins upon exposure to air was evaluated by means of flow cytometry. Cultures
were diluted in PBS to a concentration corresponding to 1,000 to 3,000 events/second when run at flow
rate 1 (10 �l/min). As low temperatures are believed to favor the maturation of these proteins (27, 53),
samples were incubated at 4°C during AFR. In order to ensure that the increase in the fluorescence signal
was exclusively due to the oxic maturation of the proteins and not as a result of de novo protein synthesis
under aerobic conditions, chloramphenicol was used as an efficient translational inhibitor (54). Chlor-
amphenicol was added at a final concentration of 100 �g/ml, greatly surpassing the reported MIC for this
species (55). A set of replicates treated without IPTG induction was employed as a negative control for
induction of GFPmut3 and to evaluate possible differences when expressing it along mCherry.

Resazurin was included routinely in the media (1 mg/liter) to monitor anaerobiosis (48). This dye was
not included when samples were analyzed via flow cytometry since in its pink form it exhibits a strongly
red fluorescence that interferes with the fluorescence emission spectrum of mCherry (56). However,
samples run at time zero upon exposure to air acted as a consistent control for anaerobiosis, as proteins
do not fluoresce in the absence of oxygen. In contrast, aerobically grown cultures served as a positive
control for fluorescence.

External pH effect on fluorescence emission of GFPmut3 and mCherry. To determine the effect
of the pH on the fluorescence emission of mCherry and GFPmut3, the E. coli strain was grown
aerobically overnight and then subjected overnight to an array of 12 citrate-phosphate buffers
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(McIlvaine buffers) ranging from pH 2.4 to 8. This was done by mixing 20 �l of the overnight culture
with 1 ml of the corresponding buffer solution. The buffer solutions were prepared by mixing stock
solutions of 0.2 M disodium hydrogen phosphate (Na2HPO4) and 0.1 M citric acid (C6H8O7) as
described previously (57).

Flow cytometry. Flow cytometric detection of cells was performed by using a FACSAria Illu
instrument (Becton Dickinson Biosciences, San Jose, CA) as described by Klümper et al. (12). Samples
were adjusted by dilution in PBS to a cell count of 1,000 to 3,000 events per second at flow rate 1 to
ensure optimal counting, and the software was set to terminate counts after recording 50,000 bacterial
events. The technical settings relevant for this study were as follows: a 70-�m nozzle was used with a sheath
fluid pressure of 70 lb/in2; forward scatter (FSC) was set at 505 V; side scatter (SSC) at 308 V; and the detectors
for green fluorescence (fluorescein isothiocyanate [FITC]; bandpass filter, 530/30 nm) at 508 V and red
fluorescence (PE-Texas Red-A; bandpass filter, 610/20) at 500 V. Thresholds were set at 200 for both FSC and
SSC, and BD FACSDiva software v.6.1.3 was used for both operation and analysis of the results.

The total population of bacteria was readily distinguishable from background noise in a bivariate
contour plot using the area of FSC (FSC-A) versus area of SSC (SSC-A), and a gate was established around
this population. Green-fluorescing cells were gated on a bivariate contour plot using the area of FITC
(FITC-A) versus SSC-A. Red-fluorescing cells were gated on a bivariate contour plot using the area of
PE-Texas Red (PE-Texas Red-A) versus SSC-A. Construction of the appropriate gating is depicted in Fig.
S1 in the supplemental material.

Anaerobic filter mating experiments on solid-surface media coupled to AFR. Solid-surface filter
matings were carried out using E. coli MG1655 lacIq::mCherry/pKJK5-gfpmut3, harboring the conjugative
plasmid pKJK5, as the donor strain, and its wild-type counterpart, E. coli MG1655, as the recipient strain.
A modified protocol from that developed by Musovic et al. (58) was employed. Briefly, strains were grown
anaerobically to an optical density at 600 nm (OD600) of 0.6, equal volumes of plasmid donor and
recipient strains were mixed, and 40 �l of the resultant suspension was transferred onto sterile 0.2-�m
nitrocellulose filters (Advantec) that were placed over Gifu anaerobic medium (GAM) modified agar
(Nissui Pharmaceuticals Co.) plates and incubated at 37°C for 24 h. The area of the filter exposed was
estimated to be 54 mm2, resulting in an initial cell count of approximately 3.6 � 105 cells/mm2. The filter
mating experiments were carried out anaerobically in triplicate, and controls included plating the donor
and recipient strains alone, as well as plating the donor strain on medium supplemented with 1 mM IPTG.
Bacteria were harvested from the filters by vortexing in 2 ml of PBS and used immediately for flow
cytometric counting. AFR was carried out in McIlvaine buffer solution (pH 8) supplemented with 100
�g/ml chloramphenicol. Note that donor and recipient populations are greatly diluted in the AFR
incubation buffer, rendering cell-to-cell contacts between them highly improbable and thus conjugation
events negligible. Additionally, even in the unlikely event of transfer, the detection of putatively new
transconjugants is not an issue, since chloramphenicol would inhibit the synthesis of newly horizontally
acquired GFPmut3.

Anaerobic filter matings and anoxic manipulations were performed in an anaerobic chamber
(Concept 400; Thermo Scientific, Waltham, MA) with oxygen levels of �0.02% and where medium was
allowed to equilibrate to the anoxic gaseous environment for a minimum of 3 days prior to its use (28).
Cells harvested from filters were transferred into 2-ml airtight glass vials (Schuett Biotec, Göttingen,
Germany), which were sealed inside the anoxic bench to enable anoxic transportation to the flow
cytometer facility. Airtight vials were only opened immediately prior to flow cytometry analysis, thus
allowing the necessary controlled exposure to air.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.02507-17.

SUPPLEMENTAL FILE 1, PDF file, 2.9 MB.
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